NANOPOWDER SYNTHESIS USING PULSED ARC 
DISCHARGE AND APPLIED MAGNETIC FIELD 



RELATED PATENT APPLICATION 

U.S. Patent Application No. 10/455,292 filed on June 5, 2003, entitled "Radial Pulsed Arc 
Discharge Gun For Synthesizing Nanopowders", having Kurt Schroder and Doug Jackson as 
inventors, and assigned to the assignee of the present invention. 

FIELD OF THE INVENTION 

The invention relates generally to nanopowder synthesis processes, and more particularly 
to the use of an applied magnetic field to significantly increase nanopowder production rates 
resulting from a synthesis process. 

BACKGROUND OF THE INVENTION 

Plasma based systems for synthesizing nanopowders are disclosed in U.S. Patent Nos. 
5,514,349; 5,874,684; and 6,472,632. The axial electrothermal gun embodiment disclosed in U.S. 
Patent No. 6,472,632 is an improvement over the plasma based synthesis systems of the '349 and 
'684 patents. The '632 system uses a high powered pulsed arc discharge in combination with an 
axial electrothermal gun to attain a higher temperature and higher density of the plasma that is not 
ordinarily attainable by the other plasma based synthesis systems. The higher temperature and 
higher density provides a higher production rate of nanopowder. 

A still further improvement in nanopowder production is provided by the nanopowder 
synthesis system disclosed in U.S. Patent Application Ser. No. 10/455,292. Referring to Figure 3 
of the Application, two indexable electrodes of a radial gun are substantially axially aligned, but 
spaced apart opposite to each other within a gaseous atmosphere, and connected to a high power, 
pulsed discharge power supply. The electrodes are composed of a precursor material which is 
ablated by the energy created by a discharge of the power supply to form a high temperature (of 
the order of 50,000 °K), high density metal plasma that acts to sustain the electrical discharge from 
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the pulsed power supply. The plasma so created is quenched by and/or reacts with the gaseous 
atmosphere to achieve higher yields of nanopowders comprised of more uniform and smaller sized 
nanoparticles. Further, such improvements are realized with the consumption of less energy than 
is required by the other known prior art systems. 

5 

A reoccurring problem in the above prior art systems is that the arc discharge may occur 
from time to time at other than the center of the electrodes. In this event, the resistance of the 
discharge arc is decreased, and less energy may be added to the arc discharge for a given arc 
current. The plasma that is created thus may be of a lower temperature and/or lower density than 
10 otherwise could be attained. As a result, production rates are decreased, and the material produced 
is of a non-uniform quality. 

Figure 4 of U.S. Patent Application Ser. No. 10/455,292 discloses a composite electrode 
embodiment of the above radial gun, where the electrodes are each seated within hollow ablative 
15 bodies to form composite electrodes. Although the discharge arc may emanate from the edges of 
the anode and cathode electrodes, it will remain near the center of the composite electrodes to 
approach the high temperatures and high densities that otherwise would be available if the 
discharge arc emanated from the centers of the anode and cathode electrodes. 

20 In the present invention, further improvements are made in the synthesis of nanopowders 

by applying a high magnetic field to electrodes of precursor material during the time that an 
electrical discharge arc is generated between the electrodes. Higher production yields thereby are 
attained than that achievable by the above prior art nanopowder synthesizing systems. Further 
improvement is obtained if a magnet insert of coating precursor material is used to reduce 

25 agglomeration of the nanopowder particles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

While the novel aspects and features of the invention are defined in the appended Claims, 
30 the principles of the invention, illustrative embodiments, and preferred modes of use are best 
understood by reference to the Detailed Description Of Preferred Embodiments in conjunction 
with the following drawings, in which: 
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Figure 1 is a functional block diagram of a nanopowder synthesis system in accordance 
with the invention; 

5 Figures 2 is a graph showing the discharge currents generated by the pulsed power supply 

30 and the pulsed power supply 37 of Figure 1 above; 

Figure 3 is a cross-sectional view of a solenoid magnet used in the preferred embodiment 
of the invention illustrated in Figure 1 above; 

10 

Figure 4 is a side view of the solenoid magnet of Figure 3 above with a central insert; 
Figure 5 is a graph showing the relation of electrode ablation rate to magnet power supply 

voltage; 

15 

Figure 6 is a graph showing the relation of nanopowder yield to magnet power supply 

voltage; 

Figure 7 is taken from a Transmission Electron Microscope (TEM) image of nanopowder 
20 produced with the magnet of Figure 4 above having a polycarbonate insert; 

Figure 8 is taken from a TEM image of nanopowder produced with the magnet of Figure 4 
above having a graphite insert.; 

25 Figure 9 is a functional block diagram of a dual magnet embodiment of the nanopowder 

synthesis system in accordance with the invention; and 

Figure 10 is a cross-sectional view of one of the dual magnets of Figure 9. 

30 DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
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The following terms shall have the definitions given below when used in either lower case 
or with capitalizations in this specification. 

"Nanopowder" shall mean nanomaterial primarily comprised of nanoparticles which are of 
5 a size of 1-500 nanometers (nm). 

"Ablative Material" shall mean material removed from a body of precursor material due to 
the combined effects of heat transfer and mechanical shear caused by plasma velocities. 

10 "Precursor Material" shall mean material which is processed to produce nanopowder. 

"Coating Precursor Material" shall mean material which is processed to produce a coating 
on the nanopowder. 

15 "Radial Gun" shall mean a device wherein a pulsed arc discharge occurs between two 

opposing electrodes composed of a precursor material. The electrodes are substantially axially 
aligned opposite to each other within a gaseous atmosphere. The term "radial gun" is used for 
convenience only, and is not meant to imply any limitation of the present invention. 

20 "High Magnetic Field" shall mean a magnetic field in the range of 0.50 or more Tesla. 

"High Power" shall mean power of the order of 100 kWatts or more. 

Same reference numbers used in the description of the invention which follows will refer 
25 to same devices, whether or not they appear in more than one drawing. 

Referring to Figure 1, a nanopowder synthesis system 20 is illustrated with a reaction 
chamber 21 having a solenoid magnet 22 held in place within the reactor vessel 21 by mechanical 
struts 23a and 23b. The solenoid magnet 22 is designed to provide high magnetic fields in the 
30 range of 0.50-5.0 Tesla. It is to be understood that while a solenoid magnet is referred to in the 
preferred embodiment, it is the magnetic field which is generated rather than the shape of the 
magnet which is of importance to the invention. 
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The solenoid magnet 22 is a magnet which creates a high magnetic field principally along 
its major axis. The magnetic field may be varied by varying the power supplied to the magnet. 
Alternatively, the number of windings, or the diameter of the windings of the'magnet could be 
altered to vary the magnetic field. 

Two electrodes 24a and 24b composed of precursor material are slidably inserted through 
pneumatic seals 25a and 25b. The electrodes 24a and 24b are axially aligned but spaced apart in 
opposing relation. The solenoid magnet 22 is axially aligned with the electrodes 24a and 24b, and 
positioned uniformly around the electrodes to overlap the gap between the electrodes. 

The solenoid magnet 22 may be purchased from any of numerous well known 
manufacturers of custom designs including Everson Tesla Inc. of Nazarath, Pennsylvania, and 
Cryogenics Limited of London, United Kingdom. 

Gas sources 26a and 26b respectively supply reaction gas and quenching gas by way of gas 
conduits 27a and 27b, and gas valves 28a and 28b, to gas conduit 29. The gas conduit 29 in turn 
extends through and is in pneumatically sealed relation with the outer surface of the reaction 
chamber 21. 

The positive terminal of a pulsed power supply 30 is connected by way of a conducting 
wire 3 1 to a first terminal of a pulse forming network 32, the second terminal of which is 
connected by way of a conducting wire 33 to the end of the electrode 24a which is exterior to the 
reaction chamber 21. The negative terminal of power supply 30 is connected by way of a 
conducting wire 34 to the end of electrode 24b which is exterior to the reaction chamber 21. 
Output terminals of a charging power supply 35 are connected by way of conducting wires 36a and 
36b to input terminals of the pulsed power supply 30. 

The positive and negative terminals of pulsed power supply 37 respectively are connected 
by way of conducting wires 38a and 38b to electrodes of the solenoid magnet 22. The input 
terminals of the pulsed power supply 37 are respectively connected by way of conducting wires 
39a and 39b to output terminals of a charging power supply 40. 



The main pulsed power supply 30 of Figure 1 is capable of supplying up to 250 Kilo- 
Joules (kJ) of energy with a peak current and voltage of 120,000 Kilo- Amps (kA) and 10 Kilo- 
Volts (kV), respectively. The pulsed power supply 37 is capable of supplying up to 30 Kilo- Joules 
5 of energy with a peak current and voltage of 30,000 Kilo-Amps and 2 Kilo-Volts, respectively. 
The power supplies may be any of plural well-known designs (which may vary depending upon the 
material and material size being produced) that are offered commercially by any of numerous well 
known manufacturers such as Utron, Inc. of Manassas, Virginia, and Maxwell Technologies, of 
San Diego, California. 

10 

A trigger input terminal of pulsed power supply 30 is connected by way of a fiber optic 
cable 41 to a first output terminal of a timing control system 42, the second output terminal of 
which is connected by way of a fiber optic cable 43 to the trigger input terminal of pulsed power 
supply 37. 

15 

The intake port of a blower 44 is connected to a conduit 45 leading to the output of a filter 
46 located within a collection vessel 47. The output port of the blower 44 is connected to a 
conduit 48 leading to an intake port 49 of the reaction chamber 21 . An output port 50 of the 
reaction chamber 21 is connected to a conduit 51 leading to an input port of the collection vessel 
20 47. 

The conically shaped bottom of the collection vessel 47 tapers inward to an isolation valve 
52 which is connected to a collection jar 53 for collecting filtered nanopowder particulates. 

25 In operation, one or more of the gas valves 28a and 28b are opened to respectively allow 

desired amounts of reaction gas from gas source 26a and quenching gas from gas source 26b to 
enter the reaction chamber 2L The gas is recirculated by the blower 44 in the closed loop system 
comprising the reaction chamber 21, conduit 51, collection vessel 47, conduit 45, and conduit 48. 
The charging power supplies 35 and 40 are energized to respectively charge the pulsed power 

30 supplies 30 and 37. The timing control system 42 thereupon is operated to trigger pulsed power 
supply 30 and pulsed power supply 37 in a timed relation which ensures that a high power pulsed 
electrical discharge arc occurs between the electrodes 24a and 24b in the presence of a pulsed, 
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high magnetic field. The corresponding pulsed plasma created by the ablation of the electrodes 
24a and 24b reacts/quenches with the gas to form nanopowder. The nanopowder in turn flows out 
of the reaction chamber 21, through the conduit 51, and into the collection vessel 47. The filter 46 
acts to filter out the nanopowder which is subsequently collected in the collection jar 53. 

5 

The timing control system 42 is set to allow the pulsed power supplies 30 and 37 to 
become fully charged before they are triggered. It has been found that the timing of the trigger 
pulses to the pulsed power supplies 30 and 37 directly affect the nanopowder production rate. 
Referring to Figure 2, discharge current traces of the pulsed power supplies 30 and 37 are depicted 

10 as a function of time. Figure 2 illustrates the preferred timing sequence for discharging the pulsed 
power supply 37 for solenoid magnet 22 of Figure 1 before discharging pulsed power supply 30. 
Upon the pulsed power supply 37 being discharged at time to of Figure 2, a discharge current 60 
occurs which peaks at apex 61 and time tj. Thereafter, at a time t 2 , the pulsed power supply 30 of 
Figure 1 is discharged across the electrodes 24a and 24b to generate a current 62 of Figure 2. 

15 Although improvements in production rate occur even when the above timing sequence is varied, 
e.g. both power supplies being discharged simultaneously, or the pulsed power supply 37 of Figure 
1 being discharged before the pulsed power supply 30, highest production rates occur when the 
peaks of the discharge currents for the two pulsed power supplies occur at approximately the same 
time. 

20 

It is to be understood that while Figure 2 shows specific shapes for the magnet and 
electrode current traces, it is the timing of the pulsed power supply discharges which is controlled. 
For pulsed magnets, the timing in turn affects the strength of the magnetic field during the 
discharge of the pulsed power supply 30. Alternatively, the pulse shapes could be varied to change 
25 the magnetic field. 

Continuing with the description of Figure 1, once the magnet pulsed power supply 37 is 
triggered by the timing control system 42 to energize the solenoid magnet 22, the timing control 
system 42 triggers the pulsed power supply 30 to effect a high-power pulsed electrical arc 
30 discharge arc between the electrodes 24a and 24b. The energy from the discharge arc melts, 

vaporizes, and ionizes material from the two electrodes to create a metal plasma which continues 
to sustain the electrical discharge from the pulsed power supply 30. As the plasma undergoes 
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expansion, it is quenched and/or reacts with the gases in the reaction chamber 21 to form 
nanopowders. The nanopowders are forced out of the reaction chamber 21 and into the conduit 51 
by the blower 44. Thereafter, the nanopowders are collected in the bottom of the collection jar 53 
as indicated by reference number 54. 

Referring to Figure 3, the design of the magnet 22 of Figure 1 is shown in more detail as 
being comprised of solenoid windings 70 seated within an epoxy material 71. The solenoid 
windings 70 of Figure 3 are formed by wrapping a continuous length of insulated wire or tubing (if 
active cooling is desired) around a core 72 to form rows of overlapping coils that will produce the 
desired magnetic field when energized. The epoxy material 71 provides mechanical strength to the 
solenoid windings 70, allows easier mounting of the magnet within the reaction chamber 21 of 
Figure 1, and provides additional insulation of the solenoid windings to minimize the likelihood of 
high voltage breakdown. In the preferred embodiment illustrated in Figure 3, the outer diameter 
73 of the magnet 22 is approximately twelve (12) inches, and the inner diameter 74 of the magnet 
is approximately six (6) inches. 

The strength of the magnetic field produced by the magnet 22 may be determined from 
equations well known in the magnet design art, and is a function of the number and geometry of 
the windings, the input current, and the magnetic permeability of any matter between the windings 
and the point at which the field is measured. If the magnet is pulsed, electrical conductivity of the 
surrounding structures also will affect the field. The magnet 22 is supported in the reaction 
chamber 21 of Figure 1 by a mounting bracket 75 of Figure 3. The mounting bracket is molded 
into the magnet 22 during the fabrication process, and includes holes 75a and 75b for bolting the 
magnet respectively to mechanical struts 23a and 23b of Figure 1. The ends of the insulated wire 
forming the solenoid windings 70 of Figure 3 serve as power leads 38a and 38b, which are 
connected to the pulsed power supply 37 of Figure 1. 

A replaceable insert 77 of Figure 3 is placed within the core 72 to protect the structural 
integrity of the magnet, and to protect the core from damage caused by the plasma that is created 
when the pulsed power supply 30 is discharged across the electrodes 24a and 24b. It has been 
found that when the insert 77 is composed of polycarbonate or polyethylene as a precursor 
material for coating the nanopowder, the erosion of the insert by the plasma reduces agglomeration 
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of nanoparticles in the nanopowder that is produced. Further, it has been found that smaller 
nanoparticle sizes are achievable than otherwise would occur with inserts composed of other 
materials such as graphite. In addition, such coating precursor material may be introduced by 
means other than the insert 77. By way of example, a rod feeder may be used to introduce coating 
5 precursor material. 

Figure 4 is a side view of the magnet 22 which depicts the central, toroidal shaped insert 
77 that may be a conductor, insulator, or semiconductor. The insert 77 not only acts to protect the 
integrity of the magnet as before stated, but also to control the direction of the expansion of the 
10 plasma created from the ablation of the electrodes 24a and 24b of Figure 1. That is, the forty-five 
degree tapered edges of the insert 77 aids in controlling the profile of expansion of the plasma. It 
is to be understood that the insert 77 of Figure 4 may have other shapes. 

In actual test runs for producing silver nanopowder, electrodes of silver having a 0.25" 
15 diameter were used. The pulsed power supply 30 of Figure 1 was operated at 5.3 kV, and 42kJ, 
with a pulse length of 0.74 ms. The magnet 22 was comprised of four rows of six windings 
beginning with a diameter of 5.8". The windings themselves were composed of 3/8" copper tubing 
to accommodate water cooling as needed, and were spaced evenly across a 3.4" width. 
The windings were molded into an epoxy body with an inner diameter of 5.2", an outer diameter of 
20 11", and a width of 3. 4". 

The replaceable insert 77 of Figure 3 was composed of polycarbonate, and had an outer 
diameter of 5.16" which fit within the inner diameter 74 of the magnet 22, an inner diameter of 
approximately 2", and 45 degree tapered edges as depicted in Figure 3. The pulsed power supply 

25 37 of Figure 1 used a capacitor bank of 28.8 millifarads which was charged to 1650 volts, and was 
discharged 3.3ms before the discharge of pulsed power supply 30. By varying the charge level of 
the pulsed power supply 37 from test to test, it was found that the higher the charge level of the 
pulsed power supply 37 and thus the strength of the magnetic field, the higher the electrode 
ablation rate and nanopowder yield. Further, with a replaceable insert 77 

30 made of polycarbonate or polyethylene, substantial reduction in nanoparticle sizes and 

agglomeration was found. A much lesser result was experienced when a replaceable insert of 
graphite was used. 
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Figures 5 and 6 depict the results of the above tests at different discharge levels of pulsed 
power supply 37, followed by a discharge of the pulsed power supply 30 after a constant delay of 
3.3ms. The Figures indicate an increase in electrode ablation rate, and in nailopowder yield 
5 (approximately 100%), with increasing charge levels of the pulsed power supply 37 of Figure 1. 

Figures 7 and 8 graphically depict the differences in particle agglomeration occurring with 
a polycarbonate magnet insert as compared to a graphite magnet insert. More particularly, in 
actual tests the electrodes were of 0.25" diameter silver. The main pulsed power supply 30 was set 

10 to 5.3kV, 42kJ, and a pulse length of 0.74 ms. The ablation rate of the electrodes was comparable 
with either a polycarbonate magnet insert or a graphite magnet insert. Additionally, the 
polycarbonate insert showed higher improvements in nanopowder yield compared to the graphite 
insert. However, particle agglomeration occurring with the use of the polycarbonate insert as 
depicted in Figure 7 was far less than the particle agglomeration occuring with the use of the 

15 graphite insert as depicted in Figure 8. Further, under same production conditions as described 
above, particle sizes of the nanopowder (as measured by BET) were significantly smaller with the 
use of the polycarbonate insert as compared with the use of a graphite insert. 

A dual magnet embodiment of the invention is illustrated in Figure 9, where reference 
20 numbers previously used in Figure 1 refer to like devices. Referring to Figure 9, a conducting wire 
80 is connected to a positive output of the pulsed power supply 37 and to the positive terminal of 
solenoid magnet 81. Solenoid magnet 81 is enclosed around electrode 24a near, but not 
overlapping, the gap between the electrodes 24a and 24b. In like manner, the solenoid magnet 82 
is enclosed around the electrode 24b near, but not overlapping, the gap between the electrodes 24a 
25 and 24b. The gap between the electrodes 24a and 24b thereby is unrestricted to maintain an exit 
path for the plasma that is produced by the ablation of the electrodes 24a and 24b. 

A conducting wire 83 is connected to the negative output of the pulsed power supply 37 
and to the negative terminal of solenoid magnet 82. A conducting wire 87 connects the positive 
30 terminal of the solenoid magnet 81 to the negative terminal of the solenoid magnet 82, thereby 
connecting the solenoid magnets in series. The solenoid magnets 81 and 82 in turn are held in 
place by mechanical struts 84 and 85 (which are physically connected to the interior surface of the 
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reaction chamber 21), and by aluminum spacers 86a and 86b (which maintain the space between 
the magnets and maintain axial alignment of the principal axis of the magnets). 

The operation of the embodiment of the invention as illustrated in Figure 9 is almost 
5 identical to that of the embodiment of Figure 1 . The exception being that upon pulsed power 
supply 37 being triggered by the timing control system 42, the discharge current produced by the 
pulsed power supply 37 is applied to the two solenoid magnets 81 and 82 rather than to a solitary 
magnet. The polarity of the discharge current, and the sense of the windings of the two solenoid 
magnets 81 and 82, ensure that the magnetic fields produced by the two magnets are additive to 
10 effect a nanopowder yield and reduction in nanoparticle agglomeration comparable to that attained 
by the single magnet embodiment of Figure 1. 



Figure 10 illustrates a cross-section of a preferred embodiment of one of the solenoid 
magnets 81 and 82 of Figure 9. Referring to Figure 10, the magnet is comprised of a non- 
15 conducting spool 90 about which wire 91 is wound to produce the windings of the magnet. As 
depicted in Figure 10, the windings consist of four rows of eight windings with the wire 91 being 
contained within an epoxy matrix 92. The epoxy matrix provides electrical isolation and 
mechanical support for the windings. Electrical leads 93 and 94 respectively extend from opposite 
ends of wire 91 through pathways 95 and 96. The electrical leads 93 and 94 may be connected to a 
20 pulsed power supply or another magnet. 



A replaceable shield 97 is placed on the face of the magnet near the gap between the 
electrodes 24a and 24b of Figure 9. Returning to Figure 10, the replaceable shield 97 which 
protects the integrity of the magnet is attached to the magnet face by means of screws 98 and 99. 
25 Typically, the replaceable shield is composed of a polycarbonate material which coats the 
nanopowder during the synthesis process and thereby reduces nanoparticle agglomeration 

As shown in Figure 10, the outer diameter of a preferred embodiment of the magnet is 
5.25", while the inner diameter of the spool is 2.25". Further, the outer width of the spool is 4.37", 
30 while the inner width is 3.25". The diameter of the cylindrical center path 100 through the 
replaceable shield 97 and spool 90 is 0.53". 
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It is to be understood that instead of a solitary solenoid magnet embodiment of the 
invention as illustrated in Figure 1 , or a dual solenoid magnet embodiment as illustrated in Figure 
9, other forms of magnets such as a generally available permanent magnet, or a superconducting 
magnet such as are manufactured to custom design specifications and sold commercially by 
Cryogenics Limited of London, United Kingdom, may be used with comparable results. 

Although the preferred embodiments of the invention have been described in detail, 
various substitutions, modifications, and alterations can be made without departing from the spirit 
and scope of the invention as defined in the Claims. By way of example, while the use of a 
magnetic field in accordance with the invention has been shown and described in connection with 
a radial gun form of a pulsed plasma system, the invention also is applicable to other plasma based 
systems. In a transfer arc system for synthesizing nanopowder, which includes a plasma torch and 
a single precursor member, the magnetic field could be applied around the precursor member in 
near proximity to the area of plasma interaction to increase the precursor material removal rate and 
thus nanopowder yield. Similarly, increased yield may be attained in a microwave system for 
synthesizing nanopowder by applying a magnetic field in near proximity to the area where plasma 
interacts with the precursor material. 

While the preferred embodiments described above refer to a solenoid magnet containing 
an insert that may provide a precursor coating material that may interact with the plasma, it is to be 
understood that the same result could be obtained without an insert by using an independent source 
to feed precursor coating material for interaction with the plasma. 

The above descriptions have been made by way of preferred examples, and are not to be 
taken as limiting the scope of the present invention as defined by the following Claims. 

WHAT IS CLAIMED IS: 
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